Non-Fermi-liquid ferromagnetic Kondo system CeRuSi2 
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The structural, electronic and magnetic properties of the Kondo-lattice system CeRuSi2 are ex- 
perimentally investigated and analyzed in the series of other ternary cerium compounds. This 
system is shown to be an excellent model system demonstrating coexistence of the Kondo effect 
and anomalous ferromagnetism with a small magnetic moment which is confirmed by magnetic and 
/^SR measurements. Data on specific heat, resistivity and Seebeck coefficient are presented. Be- 
ing deduced from the resistivity and specific heat data, a non-Fermi-liquid behavior is observed at 
low temperatures, which is unusual for a ferromagnetic Kondo system. A comparison with other 
ferromagnetic Kondo lattices is performed. 

PACS numbers: 75.30.Mb, 71.28.-|-d 



I. INTRODUCTION 

The cerium based ternary intermetallic compounds 
of CeTX2 type (with T being transition metal and X 
semimetalhc element like Si, Ge and Sn) remain a subject 
of considerable interest because of their unusual ground 
state properties observed in many compounds of this fam- 
ily. For example, we have heavy-fermion behavior with 
a large electronic specific heat (7 = 1.7 J/(mol K^) at 
1.25 K) in CePtSia Q, valence fluctuation behavior in 
CeRhSi2 [21] and in CeNiSia [3- However, the CeTXa se- 
ries has not been studied completely yet. In the present 
work we discuss in detail the properties of the system 
CeRuSia which has a ferromagnetic ground state [4| . 

It was traditionally believed for many years that the 
competition of the intersite RKKY exchange interaction 
and the Kondo effect should result in the formation of ei- 
ther the usual magnetic ordering with large atomic mag- 
netic moments (as in elemental rare-earth metals) or the 
non-magnetic Kondo state with suppressed magnetic mo- 
ments [5]. However, more recent experimental investi- 
gations have convincingly demonstrated that magnetic 
ordering and pronounced spin fluctuations are widely 
spread among heavy-fermion systems and other anoma- 
lous 4f- and 5f-compounds, which are treated usually as 
concentrated Kondo systems (see \Gl). 

The class of " Kondo" magnets is characterized by (i) 
the logarithmic temperature dependence of resistivity 
typical for Kondo systems at not too low temperatures 

(ii) reduced value of the magnetic entropy at the ordering 
point, in comparison with the value i?ln(2J -I- 1) (which 
corresponds to usual magnets with localized moment J) 

(iii) small ordered magnetic moment Mq (in comparison 
with the " high-temperature" moment /ig/ / determined 
from the Curie constant), which is reminiscent of weak 
itinerant magnets (iv) negative (even for ferromagnets) 
paramagnetic Curie temperature 9 which strongly ex- 
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ceeds in absolute value the magnetic ordering tempera- 
ture (this behavior is due to large single-site Kondo con- 
tribution to the paramagnetic susceptibility). 

There exist numerous examples of antiferromagnetic 
systems where "Kondo" anomalies in thermodynamic 
and transport properties coexist with magnetic ordering. 
At the same time, examples of Kondo ferromagnets are 
not numerous: CeNiSb, CePdSb, CeSi^; , Sm3Sb4, NpAla 
(the bibliography is given in Ref.p), CePt 0], CeRuaCea 
a, CeAgSb2 0, CeRuPO fl, and some more com- 
pounds. 

In fact, a number of factors make the physical pic- 
ture in the most "Kondo" ferromagnets rather compli- 
cated. The systems like CeSi^; [l^ are described by spin- 
fluctuation (rather than Kondo) model. The Kondo sys- 
tems YbNiSn ^] and UPdIn [12| possess antiferromag- 
netic ordering and demonstrate canted ferromagnetism 
only. 

In our opinion, CeRuSia is a rather "typical" anoma- 
lous rare-earth ferromagnetic system which exhibits the 
whole variety of peculiarities of the Kondo-lattice mag- 
nets. Moreover, it demonstrates the phenomenon of the 
non-Fermi-liquid behavior [l^ in low-temperature ther- 
modynamic and transport properties. 



II. THE CRYSTAL STRUCTURE 

We have investigated a large number of CeTXa, 
CeTaXz, CezTgXs and CeTXg compounds (with T = 
Ru, Rh, and X = Si, Ge). The high-purity sam- 
ples were provided by Physical and Chemical Analy- 
sis Laboratory from the Chemical Department of the 
Moscow State University (guided by Yu. Serope- 
gin). According to their crystal symmetry, these com- 
pounds can be divided into following classes: CeRuSia 
(space group P21/m); CeRuaSia, CeRuaGca, CeRhaSia, 
CeRhaGez (I4/mmm); CeRuSig, CeRuGeg, CeRhSia 
(I4mm); CeaRusGes, CeaRhaSis (Ibam). 

In the present work we focus on the most interesting 
compound CeRuSia, although give in Sect. 4 a compari- 
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son with resistivity data for other systems mentioned. 

The polycrystalline samples of CeRuSi2 were synthe- 
sized by melting the starting mixture in an arc furnace in 
an argon atmosphere followed by annealing at 870K for 
600h. The purity of the component metals was better 
than 99.9%. Our investigation of CeRuSi2 has shown 
that this compound crystallizes in a structure different 
from the CcNiSi2 type which is common for other com- 
pounds of the of CeTX2 series. The X-ray investigations 
in Moscow (Yu. Seropegin) and Lvov (O. Bodak) demon- 
strated that this compound has the NdRuSi2-type low- 
symmetrical monoclinic crystal structure. The sample 
material was examined by X-ray analysis and identified 
as a single CeRuSi2 phase (the calculated X-ray density 
was approximately 9.485 g/cm"^). 

The NdRuSi2 structure is a distortion derivative of 
the orthorhombic CeNiSi2-type structure characteristic 
for other CeTX2 compounds. The unit cell parameters 
for CeRuSi2 are: a = 4.478(1)1, b = 4.093(1)1, c = 
8.302(5)1, the angle beta being equal 102.53(3) deg. 
The atomic coordinates are: 



Ce 


2(e) x/a 


= 0.4130(2) y/b 


= 1/4 


z/c 


= 0.79904(9) 


Ru 


2(e) x/a 


= 0.1179(2) y/b 


= 1/4 


z/c 


= 0.3869(2) 


Sil 


2(e) x/a 


0.0364(9) y/b 


= 1/4 


z/c 


= 0.0907(5) 


Si2 


2(e) x/a 


= 0.6657(9) y/b 


= 1/4 


z/c 


= 0.4913(3) 



The CeRuSi2 sample used in further measurements was 
of the weight 351.57 mg and of disk shape with the di- 
ameter of approximately 9 mm and thickness 1 mm. 



(5 < T < 250 K). These data give evidence for the coex- 
istence of the Kondo effect and magnetism in CeRuSi2 . 

In the paramagnetic region (investigated up to 260 
K) the simple Curie-Weiss law is not fulfilled (see Fig. 
[2]). However, analyzing experimental data we were able 
to describe them by taking into account the Van Vleck 
susceptibility which is independent of temperature. Fit- 
ting M/H = Mo/H + Ceff/{T - 9) to the experimental 
data, it was possible to get Mq/H = 3.710"^ emu/g Oe, 
Ce// = 1.22 lO"'^ emu/g Oe and 9 about -40 K. The 
value of Mq/H is about 50% of M/H for 260K. This large 
Van Vleck contribution to the susceptibility is probably 
connected with low symmetry positions of Ce ions. 
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III. MAGNETIC PROPERTIES 



FIG. 2: The extraction of the Van Vleck contribution The 
inset shows the temperature dependence of magnetization at 
low temperatures 
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FIG. 1: The field dependences of magnetization at different 
temperatures 

The magnetization was measured by a SQUID magne- 
tometer of Quantum Design MPMS-5 in the broad inter- 
val of magnetic fields [H < 50 kOe) and temperatures 



Thus the temperature dependence of magnetic suscep- 
tibility at temperatures above 60 K can be described by 
the Curie- Weiss law with the Curie constant Ce//, the 
corresponding value of the effective magnetic moment 
/ie// being equal 1.1 hb which is somewhat smaller in 
comparison to that of the free Ce^"*" ion. The reduced 
value of the effective magnetic moment Hef / , calculated 
from the linear x~^(2^) dependence, can be partly at- 
tributed to a moderate renormalization of the 4f shell 
moments due to hybridization with conduction electrons. 
At the same time, magnetic fluctuations in the presence 
of the Jondo effect can play a role. 

The paramagnetic Curie temperature 9 is negative. As 
discussed in the Introduction, the latter fact is typical 
for Kondo lattices (even ferromagnetic ones) since 9 is 
determined by on-site Kondo screening rather than by 
intersite exchange interactions, x(T = 0) ~ 1/Tk- 

Fig. [T] demonstrates the field dependence of magneti- 
zation M{H) at four temperatures in the paramagnetic 
region. The M{H) curve in the reversible range of fields 
(from 5 to 50kOe) are close to linear and are character- 
ized by a relatively significant slope [dM/dH is about 5 
10^^ emu/g Oe) that depends slightly on temperature. 
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Saturation of the magnetic moment in strong fields is ab- 
sent (up to 150 T, as measured by Arsamas equipment). 

The dependence M{H) below the critical temperature 
Tc in the reversible range of fields is also characterized 
by relatively strong slope dM/dH (with the same value 
5 10~^ emu/g Oe), slightly depending on temperature in 
the range of 5-10 K). 

The inset in Fig. [2]shows the temperature dependences 
of magnetization measured in the field H = 100 Oe. A 
sharp upturn of M{T) (as well as in the x{T) curve) 
below Ti and a tendency to saturation at lowest temper- 
ature were detected. Thus the shape of the M(T) and 
M{H) corresponds to the ferromagnet with the transi- 
tion temperature Ti — T^. 

The dependence M(0) - M(T) below Tc is close to 
T^/^. Such a dependence is obtained in spin- fluctuation 
theories [l^ and is typical for weak itinerant ferromag- 
nets where the spin- wave picture works at very low T only 
(as discussed in the Introduction, these systems have a 
number of similar features with the Kondo magnets). 

We have found hysteresis loops for 5, 6, 7, 8, 9 and lOK 
(see inset in Fig. From these loops we have estimated 
the coercive field He as one half of loop width. 
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FIG. 3: The temperature dependence of the coercive field. 
The inset shows hysteresis loop for T — 5 K 

Fig. [3] shows the temperature dependence of Hc{T) as 
determined from the hysteresis loops at different temper- 
atures. 

Taking the T^^^ extrapolation of the M{T) most steep 
part (between 10.5 and 11 K) to x-axis we should get 
Tc = 11.7 K. From the above M{H) data we have deter- 
mined Ms values extrapolating linear dependence of M 
in the = 20 - 50 kOe range io H = Q. 

The determination of the ferromagnetic transition tem- 
perature was also performed by the Belov-Arrott method. 
The field dependences of magnetization for T = 5-lOK 
are presented in Fig|4]as the plots = f{H/M). Ex- 
trapolating to the value H/M = enables one to 
obtain the value M^, its temperature dependence yield- 
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FIG. 4: Arrott plots of magnetization which determine the 
Curie temperature. Inset shows the determination of Tc from 
these plots 



ing Tc = 11.2K. The plot of M^T) determining Tc is 
shown in inset of Fig. |31 

The relatively large slope in the reversible region of M 
and the linearity in the M{H) curves below the mag- 
netic transition can be explained by the small value 
of the effective ground-state magnetic moment per Ce 
ion. The value M = 4 emu/g obtained corresponds to 
/is = 0.21/iB/Ce ion. This may give evidence for a com- 
plicated magnetic structure or, more likely, for a moment 
suppression by Kondo scattering which is responsible for 
the reduction of the /^e// value at low temperatures. 

To probe low-temperature magnetism, /iSR investiga- 
tions were also performed on the muon channel of the 
LNP JINR phasotron using the spectrometer MUSPIN 
(some results were reported earlier [11]). Zero field (ZF), 
longitudinal field (LF) and transverse field (TF) ^SR 
measurements have been carried out with a polycrys- 
talline CeRuSi2 sample. The temperature interval was 
4.2 K < T < 300 K, above and below the Curie temper- 
ature Tc- At all the temperatures, the muon spin polar- 
ization function P{t) has a non-oscillating form. Below 
Tc we found a hysteresis-like behavior of the polarization 
versus longitudinal magnetic field. 

The lack of information about the muon site and type 
of magnetic ordering in the compound does not allow the 
precise determination of the value of the ordered moment. 
Nevertheless, taking into account the wide distribution 
of the magnetic field, we can estimate the value of the 
ordered magnetic moment about 0.05 /is. 

ZF data show a sharp increase of the muon relaxation 
rate below the temperature T = 11.7 K (0.42 /is~^ at 
T — 4.2 K) justifying the phase transition to the magnet- 
ically ordered state. The results of LF measurements at 
T = 4.2 K show that the magnetic fields on the muon B^, 
produced by the cerium magnetic moments, are mainly 
static: the external longitudinal field of 150 Oe practi- 



4 



cally recovers the muon spin polarization. In the para- 
magnetic phase the polarization decay has an exponen- 
tial form at the temperatures 20 K < T < 300 K, al- 
though LF experiments at T = 20 K clearly show a sig- 
nificant static contribution (about 75%). This situation 
can be discussed in the framework of a double relaxation 
model. The ferromagnetic type of magnetic ordering was 
proved by a hysteresis B — H behavior observed in TF- 
experiment. 



IV. THERMODYNAMIC AND TRANSPORT 
PROPERTIES 




FIG. 5: The magnetic specific heat (after subtracting the T- 
linear and phonon contribution). The inset shows the tem- 
perature dependence of total specific heat 

The specific heat anomaly at Ti (Fig. [5]) confirms the 
presence of a magnetic transition. The entropy change 
near Ti as calculated by integrating the C{T) anomaly 
is relatively small: AS* = 2.7 J/K = 0.6 i?ln2 (where 
R is the universal gaseous constant). The low value of 
AS allows us to consider the 4f-free ion level of Ce to 
be split by a crystal electric field (CEF) with the dou- 
blet (J = 1/2) as a ground state. The high tempera- 
ture properties (T ^ Ti) are therefore determined by 
the combined action of Kondo effect and CEF splitting. 

The low temperature T-linear electronic specific heat 
was obtained by the standard method as shown in Fig. |6l 
The coefficient 7 = 143 mJ/mol is markedly enhanced 
which means a moderately heavy-fermion behavior. 

The fitting of specific heat in the region of low and 
extremely low temperatures demonstrates the logarith- 
mic divergence C/T (J/mol K^) = (3.25 - 1.08 logT) 
10^^. This means a non-Fermi-liquid (NFL) behavior. 
The temperature dependence can be also fitted by power- 
law dependences with small exponents (Fig. [7]). 

One of the ways to govern the NFL behavior is apply- 
ing the external magnetic filed . Fig. [7] shows the 
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FIG. 6: The determination of T-linear electronic specific heat 
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FIG. 7: The fit of temperature dependence of specific heat at 
ultralow temperatures in zero field and applied field H = IT 



influence of magnetic field H = 1 T which suppresses 
somewhat the corresponding C{T) anomaly (note that 
internal magnetic field in the ferromagnetic phase from 
/iSR makes up 0.1 T only [l^). Unfortunately, we were 
not able perform the measurements in more strong fields 
which are required to clarify details of NFL behavior. 
Therefore further investigations are of interest. 

Specific heat has also a weak anomaly near 2 K which 
is also influenced by magnetic field and may be related 
to crystal field effects. 

The temperature dependence of resistivity p{T) is 
shown in Fig [5]). This exhibits an anomaly at the tem- 
perature Ti — 11.7 K, a rapid decrease of p{T) below Ti 
being detected. Thus we can propose that the magnetic 
transition at 11.7 K suppresses the Kondo scattering and 
leads to a decrease of the low-temperature resistivity. 

The second anomaly (a maximum) occurs at high tem- 
peratures. To extract this, we eliminated the phonon 
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(Ti = 120 K). On the other hand, for CeRu2Ge2 we have 
observed two resistivity anomahes at T = 8 K and 160 K. 
The first anomaly is accompanied by hysteresis and can 
be identified with a ferromagnetic transition, in agree- 
ment with the results of Ref.Q. A magnetic transition 
was found also for CeRuGes at T = 7 K. Following to the 
Sereni classification 18], the difference in magnetic be- 
havior of various (binary and ternary) cerium compounds 
may be attributed to different CeCe distances. 

In the low-temperature region, the resistivity of 
CeRuSi2 obeys a non-Fermi-liquid (NFL) law, namely, 
p{T) oc with /X = 1.1 — 1.2 rather than a square de- 
pendence (inset in Figl5]). 



FIG. 8: The temperature dependence of resistivity in a wide 
temperature region. The inset shows the resistivity in the low 
temperature region 
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FIG. 9: The temperature dependence of resistivity at high 
temperatures after subtracting the phonon contribution 



contribution by using the Debye model. The Debye tem- 
perature as determined from the T'^-contribution to spe- 
cific heat (see Fig. ^ makes up 9d — 226 K. After sub- 
tracting the corresponding Bloch-Gruneisen contribution 
we obtain the resistivity maximum at T2 ~ 150 K (Fig. 
O. Above T2 we may pick up a high-temperature loga- 
rithmic Kondo contribution to resistivity. 

It should be noted that for the widely investigated 
system CeRu2Si2 we have observed only one maximum 
(Ti = 50 K), and the system Cei5Ru57Si28 demonstrates 
a further shift of the maximum to higher temperatures 
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FIG. 10: The temperature dependence of thermoelectric 
power at high temperatures 

The Seebeck coefhcient measured at high tempera- 
tures (Fig llOp is rather high. Its temperature dependence 
seems to confirm the presence of the Kondo effect (cf. the 
discussion of thermoelectric power in the Kondo lattices 
in Ref. 19]). The corresponding figure of merit ZT has a 
maximum at T = 250 K where it makes up about 0.6%. 



V. CONCLUSIONS AND DISCUSSION 

To summarize, the results of the present paper and 
Ref.jl] allow us to conclude that CeRuSi2 belongs to a 
relatively rare family of compounds where the Kondo ef- 
fect and a ferromagnetism coexist. The Kondo nature of 
ferromagnetism is confirmed by investigation of a wide 
range of electronic properties. The shape of M{H) and 
M{T) curves, observation of hysteresis loops together 
with lambda-peak in the temperature dependence of spe- 
cific heat C{T) (see below) and the resistivity decrease 
are the characteristic features of a ferromagnetic tran- 
sition at Ti — 11.7 K. An enhanced value of 7 ~ 140 
mJ/mol K^, reduced ground state moment, large abso- 
lute value of resistivity (being of hundreds /iOhm cm) 
together with observation of a maximum in p(T) at 
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T2 ~ 150 K, are characteristic features of dense Kondo 
effect. Thus, CeRuSi2 might be considered as a ferro- 
magnetic Kondo lattice. 

At the same time, formation of a complicated non- 
collinear magnetic structure cannot be excluded, similar 
to the situation in YbNiSn (canted ferromagnetism [ll|). 
Neutron scattering experiments are required to investi- 
gate this issue. Being deduced from the resistivity and 
specific heat data at ultralow T, the non-Fermi-liquid 
behavior is observed in our ferromagnetic Kondo com- 
pound. 

To explain the NFL behavior in rare-earth and actinide 
systems, a number of mechanisms were proposed |T3 |. 
Since many known NFL systems are disordered alloys, 
one considers the influence of disordering in the Kondo- 
lattice model i20|], and the Griffiths singularity model 

In most Kondo magnets (see the Introduction) the 
NFl behavior can occur only on the boundary of mag- 
netic instability, i.e. in the proximity of quantum critical 
point (quantum phase transition, QPT), which is gov- 
erned by chemical composition or external pressure. In 
this connection, mechanisms connected with spin fluctu- 
ations , in particular treating the behavior near QPT 
in the clean limit 22 1 or with account of disordering j23| . 

An example is the URhi-ajRua^Ge alloy '24] where the 
critical concentration for the suppression of ferromag- 
netic order — 0.38. The Curie temperature van- 
ishes linearly with x and the ordered moment /i^ is sup- 
pressed in a continuous way (/i^ = 0.4/iB for a; = 0). At 
Xcr^ the specific heat behaves as TlnT, and the temper- 
ature exponent of the resistivity attains a minimal value 



/i = 1.2. The total f-electron entropy obtained by inte- 
grating Cm/T equals 0.48i?ln2 for a; = and decreases 
to 0.33i?ln2 at Xcr- 

Recently, a picture somewhat similar to CeRuSi2 
has been reported for the ferromagnetic system 
URu2-a:Rea:Si2 25] which is characterized by a small 
ground state moment. In this system, C(T) = TlnT, 
p{T) oc with ^ = 1.2 over more than a decade in 
temperature below 20 K for x — 0.6. The saturation 
moment. Curie temperature and electronic specific heat 
coefficient exhibit maxima for different Re concentration, 
reaching the values ps — 0.44^b/U atom, Tc= 38 K at x 
— 0.8, and 7 — 160 mJ/mol K^ at a: = 0.6. The ferromag- 
netic order was confirmed by neutron scattering experi- 
ments for X = 0.8 and NMR measurements for x = 0.4. 
However, corresponding magnetic-transition anomalies 
in specific heat and resistivity were not detected (un- 
like our investigations of CeRuSi2). The Griffiths-McCoy 
phase model [21] was discussed in Ref.^^ as an explana- 
tion for the coexistence of ferromagnetism and NFL prop- 
erties since the Griffiths singularities give rise to the NFL 
power-law behavior. In a clean system, spin-fiuctuation 
mechanisms of NFL behavior, e.g., owing to peculiarities 
of magnetic ordering and spin dynamics in the Kondo 
lattices [26], are more probable. 
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the Programs of fundamental research of RAS Physi- 
cal Division "Strongly correlated electrons in solids and 
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structures", project No. 12-P-2-1041. 



[1] W.H. Lee, K.S. Kwan, P. Klavins and R.N. Shelton, 

Phys.Rev. B 42, 6542 (1990). 
[2] V.K. Pecharsky, K.A.Gschneidner Jr., L.L. Miller, Phys. 

Rev. B43, 10906 (1991). 
[3] J-M. Mignot, A. Ponchet, P. Haen, F. Lapierre, J J. Flo- 

quet, Phys. Rev. B40, 10917 (1989); D.T. Adroja and 

B.D. Rainford, J. Mugn. Magn. Mater. 119, 54 (1993). 
[4] V.N. Nikiforov, V. Kovacik, I.O. Grishchenko, A.A. Ve- 

likhovski, J. Mirkovic, B.L Shapiev, O.L Bodak and Yu. 

D. Seropegin, Physica B 186-188, 514 (1993). 
[5] N.B.Brandt and V.V.Moshchalkov, Adv.Phys.33, 373 

(1984). 

[6] V.Yu. Irkhin and M.I. Katsnelson, Phys.Rev.B56, 8109 
(1997); B59, 9348 (1999); V.Yu. Irkhin and Yu.P Irkhin. 
Electronic structure, correlation effects and properties of 
d- and f-metals and their compounds. Cambridge Inter- 
national Science Publishing, 2007. 

[7] J. Larrea J., M. B. Pontes, A. D. Alvarenga, E. M. 
Baggio-Saitovitch, T. Burghardt, A. Eichler, and M. A. 
Continentino, Phys. Rev. B 72, 035129 (2005). 

[8] S. SuUow, M.C. Aronson, B. D. Rainford, and P. Haen, 
Phys. Rev. Lett. 82, 2963 (1999). 

[9] C. Krellner, N. S. Kini, E. M. Pruning, K. Koch, H. 
Rosner, M. Nicklas, M. Baenitz, and C. Geibel, Phys. 



Rev. B 76, 104418 (2007). 

[10] V. A. Sidorov, E. D. Bauer, N. A. Frederick, J. R. Jef- 
fries, S. Nakatsuji, N. O. Moreno, J. D. Thompson, M. 
B. Maple, and Z. Fisk, Phys. Rev. B 67, 224419 (2003) 

[11] M.Kasaya, T.Tani, K.Kawata et al, J.Phys.Soc.Jpn 60, 
3145 (1991) 

[12] E.Brueck, F.R. de Boer, V.Sechovsky and L.Havela, Eu- 

rophys.Lett. 7, 177 (1988) 
[13] S. K. Dhar, K. A. Gschneidner, Jr., W. H. Lee, P. 

Klavins, and R. N. Shelton, Phys. Rev. B 36, 341 (1987). 
[14] G. R. Stewart. Rev. Mod. Phys. 73, 797 (2001); 78, 743 

(2006). 

[15] T. Moriya, Spin fluctuations in itinerant electron mag- 
netism, Springer, 1983. 

[16] V. N. Duginov, V. G. Grebinnik, K. I. Gritsaj, T. N. 
Mamedov, V. G. Olshevsky, V. Yu. Pomjakushin, V. A. 
Zhukov, I. A. Krivosheev and A. N. Ponomarev, V. N. 
Nikiforov, Yu. D. Seropegin, M. Baran and H. Szymczak, 
Phys.Rev. B 55, 12343 (1997); LA. Krivosheev, V.N. 
Duginov, V.G. Grebinnik, K.I. Gritsaj, T.N. Mamedov, 
V.N. Nikiforov, V.G. Olshevsky, V.Yu. Pomjakushin, 
A.N. Ponomarev, Yu.D. Seropegin, V.A. Zhukov, M. 
Baran and H. Szymczak, Hyperfine Interactions 104, 187 
(1997). 



7 



[17] H. Lochneysen, J. Phys.: Condens. Matter 8, 9689 

(1996). 

[18] J. G. Soroni, Rcvista Biasilcira dc F?sica, 21, 280 (1991); 
J.G. Sereni, O.Trovarelly, J.Magn.Magn.Mat. 140-144, 
885 (1995). 

[19] V. Yu. Irkhin, M. I. Katsnelson, Z. Phys. B 75, 67 (1989). 
[20] E. Miranda, V. Dobrosavljcvic, and G. Kotliar, J. Phys. 

Condens. Matter 8, 9871 (1996). 
[21] R. B. Griffiths, Phys. Rev. Lett. 23, 17 (1969); A. H. 

Castro Neto and B. A. Jones, Phys. Rev. B 62, 14 975 

(2000). 

[22] A. J. Millis, Phys. Rev. B 48, 7183 (1993). 



[23] D. Bclitz ot al., Phys. Rev. B 63, 174427 (2001); 

63,174428 (2001). 
[24] N. T. Huy, A. Gasparini, J. C. P. Klaassc, A. dc Visscr, 

S. Sakarya, and N. H. van Dijk, Phys. Rev. B 75, 212405 

(2007). 

[25] E. D. Bauer, V. S. Zapf, P.-C. Ho, N. P. Butch, E. J. 

Freeman, C. Sirvent, and M. B. Maple, Phys.Rev.Lett. 

94, 046401 (2005). 
[26] V.Yu. Irkhin and M.I. Katsnelson, Phys. Rev. B 61, 

14640 (2000) 



